The effect of solar radiation pressure and atmospheric drag on the orbital dynamics of satellites-on-a-chip (SpaceChips) is exploited to design equatorial long-lived orbits about the oblate Earth. The orbit energy gain due to asymmetric solar radiation pressure, considering the Earth"s shadow, is used to balance the energy loss due to atmospheric drag. Future missions for a swarm of SpaceChips are proposed, where a number of small devices are released from a conventional spacecraft to perform spatially distributed measurements of the conditions in the ionosphere and exosphere. It is shown that the orbit lifetime can be extended and indeed selected through solar radiation pressure and the end-of-life re-entry of the swarm can be ensured, by exploiting atmospheric drag.
Introduction
Recent innovations in spacecraft design exploit advances in miniaturisation to fabricate small satellites with dimensions of a single chip [1] . In addition, current concepts for MEMS (micro-electromechanical systems) devices have been designed with micro-power sources, sensing, computing and bi-directional communication capabilities for terrestrial 1 mm 3 "smart dust" applications [2, 3] . These existing capabilities have also been exploited to design nearterm concepts for functional devices in space, such as satellites-on-a-chip (SpaceChips) [4] [5] [6] [7] .
This new technology offers the benefit of low-cost manufacturing of vast number of micro-spacecraft for use in swarm applications. The considerably smaller dimensions of satellites-on-a-chip allow their deployment in orbit from a CubeSat or as piggy-back on a conventional spacecraft, thus allowing significant launch cost savings. Increased launch opportunities and low manufacturing costs reduce total mission cost and hence the employment of "smart dust" devices can accept higher risk to investigate new phenomena or explore the harsh space environment. The deployment of vast numbers of SpaceChips will enable future missions, such as global sensor networks for Earth observation and communication, distributed space missions for multi-point, real-time sensing for space science (space weather, geomagnetic physics, reflectometry), interplanetary exploration in support of traditional spacecraft, or deployment in the vicinity of a spacecraft for diagnostic or environmental detection purposes.
As an early example of a SpaceChip-scale swarm, project West Ford in 1963 placed a ring of 8 4.8 10  copper dipole antennas (1.78 cm long needles, with a diameter of 17.8 μm) into orbit to allow global radio communication [8] . The motion of the individual dipoles, from dispensing to final re-entry through the atmosphere was both modelled and observed. More recently, Petschek et al. [9] proposed a Kilo-Satellite constellation mission (less than one kilogram satellites) for the distributed measurement of the global instantaneous structure of the magnetosphere.
The realisation of these swarm concepts requires an understanding of orbital dynamics at extremely small spacecraft length-scales. The significantly higher area-to-mass ratio of future SpaceChip or smaller "smart dust" devices, with respect to conventional spacecraft, requires new insights into orbital dynamics, as perturbations such as solar radiation pressure (SRP) and aerodynamic drag cannot be neglected. On the contrary, length scaling can be exploited to achieve new mission opportunities [10] .
The effect of natural perturbations on small particles has been studied extensively in the vast literature on the dynamics of cosmic dust in the solar system whose motion is influenced by solar gravity, solar radiation pressure, the Poynting−Robertson drag force, planetary oblateness and electromagnetic forces [11] [12] [13] . The effect of solar 1 A previous version of this paper was presented during the 61 st International Astronautical Congress in Prague IAC-10.C1.8.2 2 Corresponding author. Research Fellow. E-mail address: camilla.colombo@strath.ac.uk, Tel. +44 141 548 5727. 3 Professor. E-mail address: colin.mcinnes@strath.ac.uk, Tel. +44 141 548 2049.
Orbital dynamics
The orbit evolution of the spacecraft is obtained through an averaging technique with Gauss" planetary equations to obtain the secular variation of the orbital elements. In a previous paper, as a first approach to explore orbital dynamics at extremely small length-scales, only solar radiation pressure and the atmospheric drag were considered [22] . These perturbing accelerations are proportional to the area-to-mass ratio of the spacecraft; hence their effect is greater for small devices. The model considered here includes also the influence of the Earth"s oblateness represented by the second zonal harmonic coefficient J 2 , which acts as an important perturbation at perigee altitudes lower than approximately three Earth radii [23] . To begin to explore conditions for long-lived orbits we constrain the present study to a planar problem. In particular we consider orbits with zero inclination and the equatorial plane is assumed to be in the ecliptic (i.e., the obliquity angle of the ecliptic with respect to the equator is set to zero). This latter approximation holds when the obliquity angle is less than about 30 degrees [23, 24] . The first step is to define the secular rate of change in orbital elements due to solar radiation pressure, drag and Earth"s oblateness; this will be addressed in the remainder of this section. For completeness, we report here the model of solar radiation pressure and atmospheric drag considered, already presented in [22] ; we then introduce the equations of the secular rate of change of Keplerian elements due to J 2 .
Solar radiation pressure
We consider a spacecraft on an Earth-centred orbit lying in the equatorial plane (which is approximated to be on the ecliptic plane) as represented in Fig. 1 . The satellite is subjected to the acceleration due to solar radiation pressure given by
where f is the true anomaly, r a and a  are the components of the acceleration along the radial and transverse direction in the orbital plane, and SRP a is the characteristic acceleration 
Fig. 1 Orbit geometry.
The effect of SRP on the spacecraft orbit is expressed in terms of the long-term variation of the orbital elements. Gauss" equations for the variation of semi-major axis a, eccentricity e and longitude of the pericentre are given by [25]   
with Earth  the gravitational parameter of the Earth, r the orbit radius, p the semilatus rectum and the acceleration components given by Eq. (1). Eqs. (3) are integrated in average over true anomaly f considering the other orbital elements to be constant over one orbit revolution. In the case of a constant disturbing acceleration in a fixed inertial direction, Gauss" equations can be solved in closed form to find the primitive functions fun a , fun e , fun   for semimajor axis, eccentricity and longitude of the pericentre: 
where E is the eccentric anomaly which is a function of the true anomaly. Note that Eqs. (5) have been obtained under the assumption that the orbit lies in the ecliptic plane. Eqs. (5) assumes that the disturbing acceleration SRP a is constant when the spacecraft is in sunlight, i.e., the variation of the solar flux over time is neglected, and the exposed area A  in Eq. (2) is considered constant (i.e., the spacecraft has a spherical shape or the attitude of the spacecraft is constant with respect to the Sun-Earth line). The total variation of the orbital elements can be evaluated over the orbit arc in which the spacecraft is in sunlight: at which the satellite enters and exits the eclipses. Since we are assuming the orbital elements and SRP a to be fixed over one orbit revolution at their value at the pericentre (i.e., averaging technique), the total variation of the orbital elements can be written as: 
In the planar case we consider, assuming that the parallax of the Sun is negligible, the arguments of true anomaly at which the satellite enters and exits the Earth"s shadow are given by the following conditions (see Fig. 1 ): 
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Atmospheric drag
For spacecraft orbits with a low perigee the motion is also influenced by atmospheric drag acceleration  is the reference density at the reference altitude 0 h and H is the scale height, whose values are taken from tables [27] . If we neglect atmospheric rotation (i.e., the angular velocity of the Earth is zero), the variation of Drag, 2    due to drag is zero, while the change of the in-plane orbital elements over a single revolution is given by [28] : . Note that the assumption of vanishing angular rate of the Earth could be removed since the orbit considered here is equatorial and we are neglecting the obliquity angle of the ecliptic and the equator. Without this latter assumption, the out-ofplane components of a rotating atmosphere with respect to an inclined orbit should be considered.
Earth's oblateness
Since orbits in the equatorial plane are considered (zero inclination), the effect of orbital regression and rotation of perigee caused by the Earth"s oblateness can be added up to give the change in longitude of the pericentre   that is measured on the equatorial plane with respect to a fixed inertial direction:
where 3 2 1.083 10 J   denotes the second zonal harmonic coefficient and Earth R is the mean radius of the Earth. It is interesting to note that in the equatorial plane the rate of change of the argument of the ascending node due to J 2 is negative, equal to one half of the rate of change of the anomaly of perigee [30] .
Secular variation of the orbital elements
The total variation of the orbital elements over a single orbit revolution can be computed by adding Eqs. (8), (11) and (12), under the assumption, commonly adopted in averaging techniques, that the coupling between different perturbations is negligible to first order [27] . Then the secular and long-period rate of change of the orbital elements can be obtained by dividing by the Keplerian orbital period 
where the angular brackets denote the secular variation. The validity of Eqs. (14) was verified by comparison with numerical integration of the dynamics in Cartesian coordinates, using the expression for the disturbing accelerations Eq.
(1), Eq. (9) (see [31] ), and Eq. (12) . The line of apsides of the ellipse will rotate due to the perturbing solar radiation pressure and J 2 acceleration, with a mean rate of precession given by the Eq. (14c) that can be rewritten to express the perigee precession with respect to the Sun-Earth line, introducing the orbital rate of the Earth around the Sun Sun n :
Long-lived orbits under the effect of solar radiation pressure, J 2 , and drag
To analyse the influence on the satellite"s orbit of asymmetric solar radiation pressure and atmospheric drag in an oblate gravity field, it is convenient to first identify the equilibrium conditions of the associated system Eq. (14) . Those solutions represent equilibrium orbits under the effect of these perturbations. Afterwards, through the study of the derivative sign and numerical integration of the secular variation of orbital elements, it will be possible to characterise the long-term evolution of other initial conditions (different to the equilibrium orbits) in the space of the orbital elements.
The equilibrium conditions for "smart dust" devices with solar radiation pressure and atmospheric drag, together with a characterisation of families of long-lived orbits, were analysed in [22] . In the following section we will adopt the same method to investigate how the effect of the Earth"s oblateness affects those equilibrium solutions.
Conditions for equilibrium orbits
The search for equilibrium orbits imposes three conditions to be satisfied. The total variation of semi-major axis and eccentricity due to SPR and drag must be zero, i.e., the combined effect of the two natural perturbations must cancel. Moreover, the orbit must keep the same orientation relative to the Sun during a year, i.e., the secular rate of longitude of the perigee due to solar radiation pressure and J 2 (recall from Eqs. (11) that
), must be equal to the orbital rate of the Earth around the Sun (i.e., the apparent motion of the Sun around an Earth-centred inertial system), such that the net change in  is zero (i.e., Sun-synchronous apse-line precession). If this would not be the case, the orbit apse-line would drift with respect to the Sun-Earth direction. As a consequence, the secular perturbation due to SRP would change (as it depends on  ) and, since the perturbation of J 2 and drag is independent of  , the orbit would no longer be in equilibrium. Note that the condition of Sun-synchronous apse-line precession required here is different to the condition of Sun-synchronicity which requires instead that only the change in anomaly of the ascending node equals the rate of rotation of the Earth around the Sun. The condition of Sunsynchronous apse-line precession guarantees that the line of apsides is at a constant orientation with respect to the Sun.
Note that Eq. (16c) in the simplified case without Earth shadow and neglecting J 2 was adopted by McInnes et al. [19] and Oyama et al. [20] for determining the required characteristic acceleration of a solar sail to provide Sunsynchronous apse-line precession.
An analysis of the change in orbital elements due to solar radiation pressure and atmospheric drag as a function of the initial conditions of the satellite (i.e., the values of the Keplerian elements a, e, and  ) was performed in [22] . 
 
and   , are satisfied corresponding to perigee altitudes where the effect of atmospheric drag can be neglected and only the perturbation of solar radiation pressure has some effect on semi-major axis and eccentricity. Therefore, we can already state that Eq. (16) cannot be satisfied in the region of altitudes where atmospheric drag is present. The condition of Sun-synchronous apse-line precession Eq. (16c) needs instead a different analysis to that presented in Ref. [22] as the Earth"s oblateness is now considered.
The solution of Eqs. (16), which identifies the conditions for equilibrium orbits can be numerically computed through a global multi-start approach. A local algorithm is started from several points randomly distributed over the Author pre-print copy accepted for publication in Acta Astronautica. Camilla Colombo and Colin McInnes, "Orbit design for future SpaceChip swarm missions in a planetary atmosphere" entire domain of semi-major axis, eccentricity and  . The numerical solution is made possible by the use of the semi-analytical approach explained in Section 2. Alternatively, the use of full numerical integration for determining the change in orbital elements over a single orbit and the numerical solution of the eclipse geometry would make the computational time impractical. Starting from each point on the mesh, a local minimisation is performed numerically [32, 33] . The objective function used for the minimisation is: w  are weight parameters introduced to treat this multiobjective minimisation problem as a single-objective minimisation (i.e., the three equations of system (16) must be solved).
Results for equilibrium and partial equilibrium orbits
The solution of Eq. (16)   , represented by the black line). These solutions correspond to orbits with the apse-line along the Sun-Earth direction, and the perigee pointing towards the Sun (antiheliotropic orbits [23] ). This position is an equilibrium condition for  and the change in eccentricity and semimajor axis over one orbit cancels, as the effect or SRP is symmetric in this configuration, and the drag is negligible; hence the orbit precesses due to SRP alone. At lower perigee altitudes another family of solutions of Eq. (16)   represented by the black line in Fig. 2 ). These solutions correspond to orbits with the apse-line along the Sun-Earth direction, and the apogee pointing towards the Sun (heliotropic orbits as the apogee is pointing toward the Sun [23] ). In this stable condition the orbit precesses due to SRP and J 2 , while the semi-major axis and the eccentricity remain constant as drag is negligible and the effect of SRP is symmetric in this configuration. In Fig. 2     respectively). These sets of points are in correspondence of perigee altitudes between 600 and 800 km approximately, where aerodynamic drag and solar radiation pressure have comparable effect. As expected from the analysis in Section 3.1, no global solution of Eq. (16) can be found here; however partial equilibrium solutions exist 4 For easy of representation in Fig. 2 we simplify the notation of the three equations of system Eq. (16) Author 
in which the Sun-synchronous apse-line condition is satisfied and only one variation, either semi-major axis or eccentricity is zero. Note that the global the multi-start algorithm can be used to identify the solution set of Eq. (18) Author In Fig. 3 the equilibrium solutions of Eq. (16), identified by the intersection of the three surfaces in Fig. 2 , are reported (black lines) as a function of perigee altitude ( Fig. 3a and b) and semi-major axis ( Fig. 3c and d) . The two families of anti-heliotropic and heliotropic orbits can be distinguished at   and 0, 2
 
respectively. In the same graph we also compare the equivalent solutions found without considering eclipses (medium grey line) and with eclipses but neglecting J 2 (light grey line). The effect of eclipses at a fixed semi-major axis displaces the equilibrium points at lower eccentricities; the reason being that, when part of the orbit is in shadow, a lower variation of longitude of perigee is achieved through the influence of SRP (see the third of Eqs. (6)), hence a new equilibrium orbit is possible only at a lower eccentricity at which the change of
is again able to balance Sun n . From Fig. 3 it can also be seen how the effect of J 2 influences the equilibria; indeed, the solution considering a spherical gravity field (light grey line) drives away from the solution considering an oblate gravity field (black line) as the semi-major axis decreases.
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Long-term orbit evolution
As has been noted, solutions of Eq. (16) identify conditions for equilibrium orbits in which the orbital elements remain fixed under the effect of asymmetric solar radiation pressure, J 2 , and atmospheric drag. Only some periodic variation in the elements will be experienced, but their average over a full orbit revolution vanishes. (complementary region in the element space) [22] .
As a consequence, choosing a certain initial condition in the element space, this will evolve in time with complicated effects arising from the interaction of the SRP and J 2 effect, as described for example in [18] . For altitudes below 2,000 km, the motion will be also progressively decaying, due to the non-conservative influence of atmospheric drag. However, it is possible to define arcs of the orbit evolution where the trajectory is dominated by solar radiation pressure, such that the energy gain due to SRP balances the energy dissipation due to drag. Moreover, asymmetry in solar radiation pressure due to eclipses leads to modulation of the orbit energy and angular momentum [22] . This natural dynamics will be exploited in the next section, to distribute a swarm of SpaceChips in the upper layers of the Earth"s atmosphere. In addition, the effect of atmospheric drag can be exploited to ensure the end-of-life decay of SpaceChips, thus preventing long-lived orbital debris.
SpaceChip swarm missions
The employment of MEMS devices for space applications offers significant potential, mainly due to the low cost of fabrication, and launch or deployment as piggy-back on a conventional spacecraft. Therefore, it is possible to identify new space mission concepts addressing goals that cannot be met with larger systems.
Firstly, such devices can be deployed in a swarm for real-time applications, to collect measurements over a spatially distributed domain. Their ideal application is for taking single measurements (temperature, detect the presence or absence or a particular pre-defined condition, etc.) rather than performing complex analysis on each single device [1] . Moreover, their disposability enables mission designs with high risk, since a lost device can be easily replaced, and the average behaviour of the swarm can be exploited, rather than the evolution of each satellite 5 [4, 8, 9] .
Swarms of SpaceChips can enable new missions, such as remote sensing for Earth observation, space weather, reflectometry and interferometry (oceanic properties such as surface height, significant wave height, wind speed and wind direction), spectrometry, and even more challenging missions for interplanetary and deep space exploration, in support of conventional spacecraft.
It was previously shown that Sun-synchronous apse-line precession can be artificially obtained with a SpaceChip corresponding to current nano-fabrication technologies [22] . This concept could be adapted to enhance the return of a GEOSAIL type mission [19, 20] . A swarm of SpaceChips can be used as distributed nodes of a network in the useful region of the element space, to obtain a spatial and temporal map of the geomagnetic tail, similar to the concept of the Kilo-Satellite constellation proposed by Petschek et al. [9] .
In this paper we propose the employment of a SpaceChip swarm for mapping the upper stages of the atmosphere. In particular the ionosphere extends from approximately 80 km to 640 km; in this region the gases which compose the Earth"s atmosphere are highly rarefied, the atoms are ionised by solar radiation and the level of ionisation is influenced strongly by solar activity. An understanding of this region would be particularly interesting as conditions in the ionosphere influence the quality of transmission from communication satellites 6 and can affect the accuracy of satellite navigation systems. At higher altitudes (up to approximately 1280 km) the low-density region of the Earth"s atmosphere extends to the exosphere, where atoms and molecules escape, due to scattering by solar wind particles and exchange of electrical charges.
Spacecraft and perturbation model
We consider a silicon microchip (density 2.3 g/cm 3 ) of 1  1 cm 2 and 0.025 mm thick, as designed by Atchison and Peck [1] . Table 1 reports the SpaceChip dimensions and the radius of a spherical particle with an equivalent area-to-mass ratio. The sphere shape is usually adopted for studies on interplanetary dust [11] . Since the SpaceChip density is assumed uniform, the characteristic length is represented by the chip"s thickness 2 l : The long-term evolution of the SpaceChips is predicted by integrating Eqs. (14) until the perigee altitude decreases below 50 km p h  . This limit is set because below a certain perigee altitude the orbit rapidly decays and the mission is terminated. The numerical integration was performed through an adaptive step-size Runge-KuttaFehlberg integration scheme integrator with a six stage pair of approximation of the fourth and fifth order [35] , with absolute and relative tolerance of 
Mission for mapping the upper layers of the atmosphere
A larger, conventional spacecraft whose sizing is reported in Table 2 is injected into an Earth orbit lying in the equatorial plane, with initial eccentricity 0.12 and pericentre altitude of 600 km. On this orbit, the spacecraft motion will be only influenced by the Earth"s oblateness effect which causes a precession of the apse-line The carrier spacecraft motion is only marginally influenced by solar radiation pressure and atmospheric drag; therefore, its orbit will follow a quasi-straight line in the eccentricity- phase space. As this carrier spacecraft moves along its orbit, it will release a number of SpaceChips. Because of their high area-to-mass, the SpaceChip devices will not follow the carrier orbit (black line); rather their orbit will evolve under the effect of J 2 , solar radiation pressure and drag, as shown in Fig. 4 . The long-term evolution of the SpaceChip orbits after release is shown with the continuous blue line, corresponding to the initial conditions along the carrier spacecraft motion (represented by the green dots superimposed on the black line). As expected, their evolution depends on the orientation of the orbit perigee relative to the Sun. For   and 600 km As example, Fig. 5 focuses on the phase space evolution of one particular release condition corresponding to / 0 sc   . As shown is Fig. 5a , while the carrier spacecraft continues its motion in the phase space on the black line, the SpaceChips after release evolve along the blue line. If no drag were experienced, the spacecraft would have covered indefinitely the red line 7 . In the case solar radiation pressure had no influence, instead, the evolution would follow the green line and the SpaceChips would rapidly decay. The long-term evolution of the SpaceChip swarm can be also represented in the e- polar reference frame, as shown in Fig. 5b 6 shows the same evolution in an Earth centred reference frame, with its x-axis rotating with the Sun-Earth line. In fact each point on the evolution in the phase space (each point of the blue line in Fig. 5 ) represents a different subsequent orbit shape and orientation with respect to the Sun. The initial SpaceChip orbit is equal to the dispenser orbit (bold black orbit), then it evolves in time covering all the orbits represented from magenta to red colour, until the final decay phase, when the perigee quickly decreases. 7 Note that, being the phase space periodic in  , once a line stops at 2   , this reappears at the same value of eccentricity in correspondence of 0   . The direction of motion is shown with the arrows.
Author pre-print copy accepted for publication in Acta Astronautica. Camilla Colombo and Colin McInnes, "Orbit design for future SpaceChip swarm missions in a planetary atmosphere" The SpaceChips would evolve towards a fast decay if only drag were influencing their motion (green line). This illustrates the importance of the use of SRP to deliver a useful mission lifetime for such small devices with a high area-to-mass ratio. However, the effect of drag can also be exploited to obtain a fast decay of such "smart dust" devices in the terminal phase of the mission, ensuring their end-of-life disposal and avoiding the creation of longlived space debris from swarm of devices. 8 shows the evolution of semi-major axis. By observing the blue line, corresponding to the arcs of the element space trajectory where the effect of SRP is dominant, the orbit energy is maintained almost constant (in fact, the energy slightly increases and then decreases during these arcs, due to eclipses). When the perigee altitude decreases below approximately 600 km, due to the eccentricity oscillation at quasi-constant semi-major axis, the non-conservative effects of atmospheric drag dominate, hence the spacecraft experiences a rapid drop in semi major axis and will perform the next SRP-dominated loop at a lower value of the semi-major axis. In the case only J 2 and drag are present, the spacecraft experiences a continuous decrease in semi-major axis, until the orbit circularises and the orbit quickly decays (green line). Depending on perigee orientation at release (i.e., angle  ), the effect of SRP can significantly increase the orbit lifetime with respect to the drag-only case, as shown in Fig. 9a . If the SpaceChips are released when the carrier orbit apogee is oriented toward the Sun (around / 0 sc   ), the coupled effect of J 2 and solar radiation pressure leads to a gain in orbit energy and a decrease of eccentricity to balance the dissipation due to air drag, as evidenced by the rotating trajectory in the orbital element space (Fig. 4) . For this mission the maximum SpaceChip lifetime is up to 538 days (dotted blue line) with respect to a mission lifetime of 158 days without exploiting SRP (dotted green line). Moreover, the maximum perigee altitude reached during the mission can be increased up to 1095 km from the initial 600 km (see Fig. 9b ). Author pre-print copy accepted for publication in Acta Astronautica. Camilla Colombo and Colin McInnes, "Orbit design for future SpaceChip swarm missions in a planetary atmosphere"
SpaceChip mission design
The orbit of the carrier spacecraft can be used as design parameter to determine the lifetime of the SpaceChips after release and the maximum perigee they will reach in the following evolution. In the case that the eccentricity of the carrier spacecraft is also left as a mission design parameter, the orbit lifetime of the "smart dust" devices and the maximum perigee altitudes reached are shown in Fig. 10 . The perigee altitude at which the SpaceChips are released is chosen equal to 450 km (Fig. 10a) and 600 km (Fig. 10b) , respectively, which corresponds to an increasing influence of atmospheric drag. Fixing the carrier perigee altitude, each combination of eccentricity and / sc  corresponds to a different initial condition for the SpaceChip release and its following evolution. The orbit lifetime is maximum if the initial condition is chosen close to the points which represent equilibrium orbits reported in Fig. 3 . Therefore, the lifetime of SpaceChip orbits can be extended or reduced (with respect to the drag-only case) by exploiting SRP, and indeed selected depending on the release conditions. The maximum perigee altitude reached during the mission also depends on the release condition which determines the influence of solar radiation pressure over the subsequent orbit evolution. In particular, we observe a remarkable increase from the original perigee altitude of release when We select, as an example, a more extended mission, in terms of perigee altitudes and total duration. The dispenser orbit has an initial eccentricity of 0.3 and perigee altitude of 600 km. Also in this case the SpaceChip evolution is characterised by oscillations in eccentricity and perigee altitude as represented in Fig. 11 and Fig. 12 . In particular, if the release condition is close to / 0 sc   the SpaceChip will perform several rotational loops in the e   phase space. The orbit perigee precesses with respect to the Sun-Earth line (i.e., the orbit perigee moves faster than the Sun-Earth line), while the orbit stretches and contracts due to the oscillation both in eccentricity and semi-major axis (see the continuous blue line representing the evolution of the orbit pericentre in Fig. 12) . Due to the effect of drag, a constant decaying motion is superimposed on the rotational motion. This is clearly visible in Fig. 12 which represents the evolution of the perigee altitude for all the release conditions. While in the case of drag and J 2 the perigee decays over a short time span (see green lines), for some release conditions under the effect of SRP, drag and J 2 the perigee oscillations cover a long time span as shown with the blue lines in Fig. 12 (i. e., the lifetime of the orbit evolution is extended). For those trajectories, the effect of drag is almost negligible over the major part of the rotational loop (i.e., oscillation of the perigee altitude between its local minimum and the following local maximum) and becomes predominant when the perigee reaches its local minimum; in this region the spacecraft experiences a rapid drop in orbit energy, therefore the following rotational loop will reach a lower value of the maximum orbit perigee altitude. The perigee oscillation due to SRP is damped by the presence of drag.
When the SpaceChip orbit evolution has more than one rotational loop in the element space, the orbit lifetime is consistently higher. This can be seen in Fig. 13a , which represents the orbit lifetime (from orbit injection up to decay below a perigee altitude of 50 km) as a function of the angular displacement of release from the carrier spacecraft. When s/c  is close to zero the orbit lifetime reaches the maximum time limit of the integration set to 12 years. Author pre-print copy accepted for publication in Acta Astronautica. Camilla Colombo and Colin McInnes, "Orbit design for future SpaceChip swarm missions in a planetary atmosphere" The range of maximum altitudes covered in the atmosphere is higher than the altitudes of the mission in Section 4.2, as can be seen in Fig. 14 . The evolution of the SpaceChip swarm is represented with the continuous blue line and the initial orbit of release is shown with the black dot. 
Discussion
It may be inferred that a swarm of SpaceChips could represent a threat for conventional spacecraft orbiting at those altitudes due to the collision hazard [36] . The aim of this paper is to show that the effect of natural perturbations can be exploited to design operational orbits for very small devices and to select initial conditions for their deployment such that distributed measurements can be performed in a defined region of the element space. The orbit lifetime can be extended by exploiting SRP, but remains anyway limited by the effect of atmospheric drag (i.e., less than 25 years). Indeed, the end-of-life phase of the swarm mission can be designed, through passive re-entry in the lower regions of the atmosphere. Moreover, a more active way to control SpaceChip orbit evolution can be implemented, by changing the reflectivity coefficient of an electrochromic coating on the spacecraft and hence modulating the effect of solar radiation pressure on its orbit [37] . Through this technique the mission concept proposed in this paper could be extended by including active orbit control over the long-term evolution of the swarm. In this way the SpaceChips could be stabilised in a bounded region of the element space and the orbit lifetime of the swarm can be controlled [38] .
Moreover, the concept presented in this paper could be adopted for the exploration of other inner planets, where orbit debris issue is not an issue and the effect of SRP exploited to disperse devices in the planetary atmosphere, offering the basis for planetary high altitude atmospheric studies. As pointed out by Atchison et al., a SpaceChip may be capable of decelerating and maintain a survivable temperature during re-entry into an atmosphere, with on-board electronics operating throughout the manoeuvre [39] . This possibility could enable distributed exploration of planetary surfaces, enhancing the data collection of a conventional spacecraft that can act as data rely [40] . All these concepts are also supported by low production cost and reduced masses of SpaceChips that can be easily stored as an additional payload. A trade-off could be also made with the alternative option of employing a swarm of small satellites (e.g., CubeSats) equipped with area-to-mass increasing devices (i.e., deployable reflecting balloon or small sail). This option would offer more complex sensing and observation capabilities at higher production and launch/deployment costs.
Finally, some considerations can be provided on the global coverage offered by a distributed sensing mission. Imagining that the SpaceChips are continuously released from the conventional spacecraft along its orbit, after few orbits of the carrier spacecraft a ring of "smart dust" devices is assembled. In time the ring will evolve following one of the evolutions represented for example by the blue lines in Fig. 4 or Fig. 11 , depending on the position of the carrier perigee at the moment of release (angle / sc  ). On the orbit, the SpaceChips will be compressed in number density close to apocentre, corresponding to the minimum of orbital angular velocity around the elliptical ring, and rarefied at pericentre corresponding to the maximum of orbital angular velocity. Hence, the elliptical ring of spacecraft will form wave-like patterns which circulate around the elliptical ring, with peaks in density at the apogee
